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Abstract  

 Although tin mining activities in the southern part of Thailand have been abandoned for more than 

40 years, arsenic contamination in old tin-mining areas continues to pose a health risk. Fortunately, natural 

adsorption of arsenic by sediment has reduced the arsenic concentration in water to the maximum allowable 

level within a 10-kilometre radius of the mine sources. This article attempts to characterize the arsenic 

adsorption properties of sediment along a water creek which passes through the old tin-mine areas in Ron 

Phibun district, Nakhon Si Thammarat province, Thailand, where the contamination has been most severe. 

It was found that Fe tends to be associated with the adsorption capacity of arsenic in sediment. However, 

pH 4 and pH 7 did not associate with adsorption capacity. At pH 12, the solubility of arsenic increases, 

making it less likely to be adsorbed into the sediment and more likely to dissolve in water. For the 

adsorption isotherms of the sediment, the so-called ‘2-step Langmuir/Freundlich models’, with the advance 

of switching functions (Logistic or Arctan functions), were proposed. Then, based on the principle of 

parsimony, a stepwise model reduction approach was used to choose the optimal models. It was found that 

the isotherms were used successfully to describe the historical arsenic-contamination data of the past 14 

years (2005 - 2019) and to predict future trends qualitatively. 

Keywords: Arsenic adsorption, Sorption isotherms, Sediments, Old mining, Water pollution, Two-step 

Langmuir model, pH, Iron 

 

Introduction 

 Contamination by arsenic (As) in Thailand was first recognized in Ron Phibun District, Nakhon Si 

Thammarat Province, in 1987. People living near or in the old tin-mine area were sick, their skin became 

black, and they were diagnosed with skin cancer [1,2]. Ron Phibun is located in the Southeast Asian Tin 

Belt, and was an area for tin production before its closure in 2004. As has been released from prior bedrock 

and alluvial mining of tin during the last century. Both surface water and groundwater surrounding the 

mining sites contained very high levels of As (and gt; 580 μg/L for surface water and up to 5,100 μg/L for 

shallow groundwater) [3-5]. Although the tin mining area was closed in 2004 [6], the contaminant 

monitoring program conducted by the Department of Mining Industry (1992 to the present) has shown that 

the level of arsenic contamination from these old mines still poses a high risk to people who live near the 

water-way which runs 100 km downward from the abandoned tin mines. Natural wash-away and As-

redeposits only reduce the As concentration in the waterway very slowly. Elimination of the current risk in 

the next few decades is not feasible because of the excessively high cost of remediation [7].  

 As is one of the most toxic heavy metal present worldwide in minerals, soils and water resources. AIt 

is also transportable and difficult or costly to remove. In general, As in inorganic forms are more toxic than 

organic forms and extremely hard to eliminate. As exists predominately in the forms of inorganic As(III) 

and As(v) in most types of soils and sediments, and the toxicity and mobility of As(III) is greater than those 

of As(V) [8,9]. As-contaminated water sources alone have affected the health of approximately 150 million 

people worldwide [10,11]. The spread of As into water resources is through different paths, including air, 
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food, industries, mining and the contaminated water, soils and sediments [12,13]. The symptoms of long-

term exposure to inorganic As include dermal neurological, hematological, gastrointestinal, hepatic, renal, 

cardiovascular, and respiratory diseases, and diabetes mellitus, which can cause brain malfunction in 

children and adults [14].  According to EU Council, WHO, US EPA and ATSDR, drinking water should 

contain As concentration less than 10 μg/L−1 [15-18]. Recent research and publications follow this trends 

albeit more focus on developing new adsorbents and processes to remediate the on-going As contamination 

in soils and water resources [19]. It is well recognized that adsorption is the most effective technology for 

As removal from the contaminated water sources [20]. The recent development is moving toward metal-

organic frameworks (MOFs) [21-23], Chitosan and its derivatives [24,25], layered double metallic 

hydroxides (LHDs) [26,27], Bio-char and other complex materials as adsorbents for heavy metals, 

particularly As(III) and As(V). The understanding of the mechanisms of As adsorption and their related 

transport phenomena has increased significantly from the last decade until now [10,25]. In the current 

knowledge, the adsorption mechanism for arsenic includes surface complexation, electrostatic attraction, 

redox and coordination. In addition to pH, dissolved organic matter (DOM), particularly organic acids and 

Fe-complexes which are closely related to each other, together influence the fluidity and migration [10]. 

According many reports, the migration extent of As in water and soil is strongly associated to 

(hydro)oxides, which is considered as the main As-bearing minerals [9,28]. 

 Furthermore, there has not been any attempt to describe quantitatively the spread of As starting from 

the tin mines down the water way until it reaches the sea. It is possible to predict the future trends of As 

concentration statistically from the monitored data but the statistical approach would be limited to the 

prediction of the trend with little mechanistic understanding. Thus, comprehensive models are required to 

represent and describe these complex phenomena in terms of chemical factors (pH, the presence of Fe/Mn 

ion, colloids and Eh), and physical factors (seasoning water speed, mass transfer, mixing, etc.). 

 Most of the studies on sorption isotherms of arsenic for different kinds of adsorbents concluded that 

the Langmuir and Freundlich models are sufficient to describe the effect of As concentration on the surface 

loading of As(III) and As(V) on the adsorbent samples [29]. The following forms for Langmuir and 

Freundlich isotherms were used widely [21].  

 

𝑞𝑒= 𝑞𝑚 
𝐶0

1 + 𝑏𝐶𝑒
                        (1) 

 

𝑞𝑒= 𝐾𝐹 𝐶𝑒
𝑛/1

                        (2) 

 

where 𝑞𝑒 , 𝐶𝑒 , 𝑞𝑚, 𝐶0 and b are equilibrium concentration in the adsorbent (mg/kg), equilibrium 

concentration in the liquid phase (mg/L), adsorbent maximum capacity of absorbent (mg/kg), initial 

concentration (mg/L) and a Langmuir parameter, respectively. 𝐾𝐹 and n are Freundlich parameters. 

 Other forms of isotherms (e.g. Temkin, Radushkevich and Redlich-Peterson isotherms) were tested 

for As-water-soil and related systems but the goodness-of-fit to various equilibrium data sets was not 

significantly better [22,23,30,31]. Moreover, it appears that the adsorption equilibrium of As-water-soil and 

related systems has multi-layers and multi-modes (mechanisms) which often make Langmuir and 

Freundlich isotherms incapable of describing the full-range of the data [32-35]. 

 This work is a fundamental step in our attempt to develop a mechanistic model to describe and predict 

the spread and relocation of As along the water pathway in the area mentioned earlier, based on the so-

called volumetric dispersion [36]. Due to the complex nature of desorption/adsorption of As, particularly 

the sediment under/along the water pathway, as well as the soil movement or the sedimentation of the 

sediment, it is not feasible to formulate a comprehensive mathematical model to describe the dynamics of 

As contamination as in the current case without this important step. Thus, this article investigates the 

complexity of the problem by characterizing the desorption/adsorption of As in the sediments which play 

a significant role in limiting the spread of As and the equilibrium relation called the “sorption isotherm” 

for 4 pairs of As-sediments. These isotherms were then used to interpret some samples of As monitoring 

data in the Ron Phibun basin. The main objective of this article is to provide a fundamental understanding 

of how these sediments behave when they make contact with water contaminated with As at different 

concentrations and pH. The goal is to represent and predict the contaminating phenomena as well as how 

the contaminant is absorbed or reacts which renders it less toxic as a function of distance and time as well 

as other physical chemical properties of water and sediment. 
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Materials and methods 

 Study area 

 An old mining area in Ron Phibun was investigated to develop adsorption isotherms of As-water-

sediment systems. The old-mining area and creeks are located in the Ron Phibun District, Nakhon Si 

Thammarat. The site is located at 8°04' - 8°14' latitude, 99°46' - 99°54' longitude, at the foot of the Ronna-

Suanjan mountains, 26 km southwest of the city of Nakhon Si Thammarat. Figure 1 shows the route from 

the old-mining area to the Pakphanang estuary. The study area is at Hwuay Hua II which includes Station 

1 (St 1, Huay Huamhuang), Station 2 (St 2, Stadium), Station 3 (St 3, Huay Ronna), Station 4 (St 4, Huay 

Namkhun), Station 5 (St 5, Huay Namchan), Station 6 (St 6, Muang Ngam) and Station 7 (St 7, 

Teppanomchuad Temple). The water flows in the study area past the mine closure to where the ore residues 

from the tin dressing processes were dumped. Thus, a large amount of As-contaminated residues was 

covered under a thin layer of surface sediment. 

 

  

Figure 1 Map of the study area in the Ron Phibun District. 

 

 Batch adsorption experiments 

Analy sis of arsenic and iron in sediment 

The 7 sediment samples were collected from the old-mining area in the Ron Phibun District, Nakhon 

Si Thammarat. The samples weighed (20 g) and sieved by using a 200-mesh (0.075 mm aperture). The 

samples were preserved at room temperature (25 - 30 °C). Then, 1 g of the samples (particle size < 1 mm) 

were digested by using 10 mL of the mixture of 70 - 72 % perchloric acid and 65 % nitric acid 

(HClO4:HNO3 2:1) at 85 ± 5 °C for 5 h (adapted from [30,37]). The As and Fe concentrations were analyzed 

using ICP-OES (inductively coupled plasma-optical emission spectrometry, Perkin Optima 3300 DV) [38]. 

All analyses were conducted in a triplicate manner. 

 

Experiments of batch adsorption/desorption in sediment 

The sediment samples (2 g) from Huay Huamhuang, Stadium, Huay Ronna and Huay Namkhun were 

screened to a particle size of < 2 mm (100 mesh screening). Fifty mL of 0.05 mol NaCl with a predetermined 

amount of As (0, 10, 25, 50, 100, 150 and 200 ppm) was added into the sediment and the mixtures were 

placed in a shaking incubator at ambient temperature (28 ± 1 °C) for 1,440 min. The pH was controlled by 

adding sulfuric acid or sodium hydroxide solution depending on the required pH of the samples (pH 4, 7 

and 12). During the batch adsorption/desorption, the shaker was stopped at 10, 20, 30, 60, 90, 120, 240, 

360, 480, 900 and 1,440 min and the samples were taken out at the predetermined process times. Then, the 

samples were centrifuged at 16,000 rpm for 10 min [39]. The clear solution was analyzed for As using ICP-

OES (inductively coupled plasma-optical emission spectrometry, Perkin Optima 3300 DV). All 

experiments were carried out in a triplicate manner. 

 

Determination of the equilibrium As-concentrations in the liquid phase and their corresponding 

As density in the sediments 

The adsorption of each batch was measured, the 1st-order long-term trend of the As concentration in 

the liquid phase was taken as the equilibrium concentration. That is: 

 

𝐶𝑒= 𝐶0 +𝑎𝑒−𝑏𝑡                        (3) 

 

 The corresponding As concentration in solid phase was calculated by material balances. 
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Figure 2 The material balances of the batch adsorption experiments. 

  

 After the batch adsorption the process was allowed to proceed until an equilibrium condition was 

achieved and the solid and liquid phases were separated. Then the equilibrium concentration in the liquid 

phase was analyzed. The As density in the solid phase at equilibrium can be calculated by the following 

equation. 

 

𝑞𝑒 =
𝑉0

𝑀0
(𝐶0 − 𝐶𝑒) + 𝑞0                      (4) 

 

where 𝑞0 and 𝑞𝑒 are As densities in solid phases at initial time and at equilibrium, respectively. Similarly, 

𝐶0 and 𝐶𝑒 are the corresponding As concentrations in the liquid phase. 𝑉0 is the liquid (water) volume (l) 

used in the batch adsorption, and 𝑀0 is the mass of the solid phase (kg). 

 

Results and discussion 

 Adsorption isotherms of As in sediments 

 According to IUPAC (International Union of Pure and Applied Chemistry), the classification of 

adsorption isotherms is used to classify the different types of isotherms based on the shape of the curve that 

describes the relationship between the amount of adsorbate and the amount of adsorbent. The typical 

sorption isotherms can be categorized into 5 types which are: Type I (Langmuir isotherm) characterized by 

a linear relationship between the amount of absorbate and the pressure at constant temperature, type II 

(Freundlich isotherm) characterized by a non-linear relationship between the amount of absorbate and the 

pressure at a constant temperature, type III (Temkin isotherm) characterized by the natural logarithm of the 

amount of adsorbate and the reciprocal of the temperature at constant pressure, type IV (BET isotherm) 

characterized by a linear relationship between the natural logarithm of the number of the adsorbate and the 

pressure at constant temperature, type V (Horizontal isotherm) characterized by a horizontal portion at high 

coverage, indicating that the adsorbent has reached its maximum adsorption capacity and additional 

adsorbate cannot be adsorbed [40]. It is important to note that most of the absorbents do not show a perfect 

fit to any isotherm and that they can exhibit more than 1 type. Therefore, multiple isotherm models are used 

to describe the adsorption process and compare the best-fit model based on the experimental data. 

 Most of the studies on the sorption isotherms of arsenic for different kinds of adsorbents concluded 

that the Langmuir and Freundlich models are sufficient to describe the effects of As concentration on the 

surface loading of As(III) and As(V) on the adsorbent samples [41]. The following forms for Langmuir and 

Freundlich isotherms were used widely [31]. The equation of Langmuir isotherms is: 

 

𝑞𝑒= 𝑞𝑚 
𝐶0

1+𝑏𝐶𝑒
                        (5) 

 

where 𝑞𝑒 , 𝐶𝑒, 𝑞𝑚, 𝐶0 and b are equilibrium concentration in the adsorbent (mg/kg), equilibrium 

concentration in the liquid phase (mg/L), adsorbent maximum capacity of absorbent (mg/kg), initial 

concentration (mg/L) and a Langmuir parameter, respectively. The equation of the Freundlich isotherm is: 

 

𝑞𝑒= 𝐾𝐹 𝐶𝑒
𝑛/1

                        (6) 

 

where 𝐾𝐹 and n are Freundlich parameters, other forms of isotherm (e.g. Temkin, Radushkevich and 

Redlich-Peterson isotherms) were tested for As-water-soil and related systems but the goodness-of-fit to 

various equilibrium data sets was not significantly better [29,42-44]. Moreover, it appears that the 

adsorption equilibrium of As-water-soil and related systems has multi-layers and multi-modes 
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(mechanisms) which often make the Langmuir and Freundlich isotherms incapable of describing the full-

range of the data [32-35]. 

 

 The two possible extensions of Langmuir and Freundlich isotherms 

 As a result of these preliminary reviews, the traditional Langmuir and Freundlich isotherm may not 

be suitable for describing most of the As-water-soil equilibrium data for a wide range of As concentrations 

(0 < Ce < 200, 0 < qm < 2,000 ppm). Thus, the following 2-step models are proposed. Essentially, they 

are extensions of the traditional Langmuir and Freundlich isotherms modified to accommodate 2 

consecutive adsorption mechanisms. 

 

Two-step Langmuir isotherm (TSL isotherm) 

This model tries to mimic 2 sorption isotherms in which one is imposed on top of the other due to 

increased adsorption capacity. As the concentration of adsorbate becomes high enough, a different type of 

adsorption mechanism is induced which increases the adsorption capacity to another level.  For simplicity 

and flexibility, the following empirical form is based on the Langmuir isotherm and Logistic functions as 

follows. 

 

𝑞𝑒 =
𝑞𝑐𝑏1𝐶𝑒

1+𝑏1𝐶𝑒
+

𝑞𝑚−𝑞𝑐

1+𝑒𝑥𝑝(−𝑘(𝐶𝑒−𝐶𝑒𝑐)+𝑎)

𝑏2𝐶𝑒

1+𝑏2𝐶𝑒
                   (7) 

 

where 𝑞𝑒, 𝐶𝑒  and 𝑞𝑚  are the equilibrium concentrations in the adsorbent (mg/kg), the equilibrium 

concentration in the liquid phase (mg/L) and the adsorbent maximum capacity of the absorbent (mg/kg). 

𝑞𝑐 and 𝐶𝑒𝑐  are the critical adsorption capacities and their corresponding critical adsorbate 

concentrations in the liquid phase which is characterized by the lower end of the isotherms (mg/g). 

 𝑏1 and 𝑏2  are the Langmuir parameters for the lower and upper regions of the sorption isotherm, 

respectively. 

The term  1/(1 + 𝑒𝑥𝑝(−𝜅𝑙(𝐶𝑒 − 𝐶𝑒𝑐) + 𝑎))  is the unit Logistic equation. 𝑒𝑥𝑝(𝑎) is the coefficient 

of the exponential term. The Logistic term of the TSL isotherm not only has mechanistic implications, but 

it is also used as a switching (𝐶𝑒𝑐  or preference) function. That is, it joins the 2 Langmuir isotherms which 

dominate at different As concentrations into a continuous unified isotherm. This switching function is 

characterized by how the behavior of adsorption changes as the adsorbate concentration increases. If k = 0, 

both adsorption mechanisms are visually inseparable, but if 𝑘 → ∞ the change from 1 mechanism (at low 

adsorbate concentration) to another one (at high adsorbate concentration) is abrupt as the adsorbate 

increases past 𝐶𝑒𝑐. Another popular switching function is the arctan function of the following form.  

 

(1/𝜋)(tan−1(𝜅𝑎(𝐶𝑒 − 𝐶𝑒𝑐)) + 𝜋/2)                    (8) 

 

 In a later discussion, we describe this function as the “arctan switching function” which can replace 

the Logistic function as an alternative switching function. However, the Logistic function is preferred when 

it is applicable because of its mechanistic meaning as will be discussed in section 8. In Eq. (8), 𝜅𝑎 is the 

switching parameter for the arctan function in the same way as 𝜅𝑙 is to the Logistic function. 

 

Two-step Freundlich isotherm (TSF isotherm) 

Similarly, based on Freundlich isotherm, we obtain the following form of 2-step Freundlich isotherm 

 

𝑞𝑒 = 𝑞𝑐𝐶𝑒
1/𝑚

+
𝑞𝑚 − 𝑞𝑐

1 + 𝑒𝑥𝑝(−𝑘(𝐶𝑒 − 𝐶𝑒𝑐) + 𝑎)
𝐶𝑒

1/𝑛
                   (9) 

 

where qc, qm and n are parameters of the model which can be described in a similar way as in the 2-step 

Langmuir isotherm. 

 

Langmuir-Logistic isotherm (LL isotherm)  

If the Langmuir component in the 2nd term of the TSL model does not make a significant contribution 

in explaining the experimental data, the TSL model should be reduced to the LL model which has the 

following form.  

 

𝑞𝑒 =
𝑞𝑐𝑏1𝐶𝑒

1 + 𝑏1𝐶𝑒
+

𝑞𝑚 − 𝑞𝑐

1 + 𝑒𝑥𝑝(−𝑘(𝐶𝑒 − 𝐶𝑒𝑐) + 𝑎)
                          (10) 
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In this model, the role of the logistic term does not only have a switching function, but, by itself, it 

also describes the equilibrium pattern of the upper end of the isotherm. 

 

Freundlich-Logistic isotherm (FL isotherm)  

Similarly, if the contribution of the Freundlich component in the TSF model is not statistically 

significant, it should be reduced to the FL model which has the following form. 

 

𝑞𝑒 = 𝑞𝑐𝐶𝑒
1/𝑚

+
𝑞𝑚 − 𝑞𝑐

1 + 𝑒𝑥𝑝(−𝑘(𝐶𝑒 − 𝐶𝑒𝑐) + 𝑎)
                          (11) 

 

The role of the logistic term is the same as that in the LL model. 

 

 The mechanistic description of the Logistic equation in the context of As adsorption 

 Pierre-Francois Verhulst (1804 - 1849), a Belgian mathematician, was the 1st author who introduced 

the logistic function as a model for population growth in 1838. It was used to describe the self-limiting 

growth of a population [45,46]. It is also called ‘Verhulst’s equation’. In the context of As adsorption, it 

can be reformulated as the following. 

 Consider As concentration in liquid solution as the independent variable and As in the adsorbent as 

the dependent variable: 

 
𝑑𝑞𝑒

𝑑𝐶𝑒
= 𝑘𝑞𝑒

(𝑞𝑚 − 𝑞𝑒)

𝑞𝑚
                            (12) 

 

where k is the gradient coefficient of the adsorption, characterizing the relative affinity of the adsorbate 

toward the adsorbent. High k indicates a strong affinity toward the adsorbent, or the equilibrium is highly 

preferable for the adsorbent. 

The term on the left-hand side 𝑑𝑞𝑚/𝑑𝐶𝑒 is the gradient of the adsorption isotherm at any concentration 

of As in the solution. The 𝑞𝑚 is the maximum adsorption capacity of the adsorbent. The term (𝑞𝑚− 𝑞𝑒)/𝑞𝑚 

is the fraction of the remaining capacity of the absorbent. Eq. (12) states that the gradient of adsorption 

isotherm is proportional to the in-solid adsorbate concentration times the remaining fraction of the 

adsorption capacity. Starting from the initial value of 𝐶𝑒, as 𝑞𝑒 increases the gradient (slope of the 

adsorption isotherm as shown in Figure 3) until it reaches the point of maximum gradient, then it levels off 

and approaches 0 for a very high value of 𝐶𝑒. 

 

 The solution of Eq. (13) is: 

 

𝑞𝑒 =
𝑞𝑚

1 + 𝑒𝑥𝑝(−𝑘(𝐶𝑒) + 𝑎)
                            (13) 

 

where a is a constant which is represented by the isotherm along the 𝐶𝑒  axis, the logistic equation (Eq. (13)) 

has a sigmoid shape which can be used as a switching function. At the same time, its physical meaning is 

intuitive. It is thus a preferable choice for extending both Langmuir and Freundlich isotherms to types-IV 

and -V sorption isotherms. 

 

 

Figure 3 A representation of the gradient changes over 𝐶𝑒  according to the logistic model. 
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 A general scheme to obtain a parsimonious model from a general form of the 2-step Langmuir 

isotherm 

To obtain a parsimonious model, all parameters should be tested for statistical significance or at least 

they should obviously contribute to the fundamental meaning. The strategy for the TSL isotherms can be 

visualized as in Figure 4.  A similar strategy is applied to the TSF isotherms by replacing the Langmuir 

terms with the Freundlich terms. 

 

 

Figure 4 A general scheme to obtain a parsimonious model from a general form of the 2-step Langmuir 

isotherm. 

 

 A non-linear least-squares minimization and curve-fitting (QtiPlot) was used for model fitting and 

parameter estimation. Parameters were tested for significance at a 95 % confidence level using the student’s 

t-distribution with degrees of freedom n, p where p is the number of measurements, and n is the number of 

parameters. For each of experiment, n was 18 (6×3), p was 2 for Langmuir and Freundlich isotherm, and 4 

- 5 for other models. The 1→∝   confidence interval for the parameter 𝑏𝑖   in the model can be calculated as 

follows: 

 

𝑏𝑖 ± 𝑠𝑒(𝑏𝑖)𝑡(𝑛 − 𝑝; ∝/2)                            (14) 

 

where 𝑡(𝑛 − 𝑝; ∝/2) is the student’s t-distribution with n, p degree of freedom. That is the significant 

parameter (at a 95 % confidence level) must pass the criterion 𝑏𝑖/𝑠𝑒(𝑏𝑖) > 𝑡(𝑛 − 𝑝; ∝/2) ≃ 2.0. 
Alternatively, the overall model significance can be tested against the following F-distribution.  

 

𝐹(𝑝 − 1, 𝑛 − 𝑝) =
𝑅2

1 − 𝑅2

𝑛 − 𝑝

𝑝 − 1
                          (15) 

 

 For example, the full-form TSL or TSF isotherm has 7 parameters and the current data set has 21 data 

points (𝑝 − 1 = 6 and 𝑛 − 𝑝 = 15). Thus 𝐹 > 2.7 is the criterion for overall model significance at a 95 % 

confidence level.  

 

 Fitting 2-step isotherms to the equilibrium data: A strategy 

 After extensive trials, the authors proposed the following strategy to obtain parsimonious models and 

their representations for each set of data. 

 The traditional Langmuir and Freundlich equations are used to fit the lower parts of the experimental 

data (0 < 𝐶𝑒 < 100 ppm) of each data set. This is done to obtain the best isotherm at relatively low As 
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concentration which is in the range of most of the As contamination in most of the mining areas. A statistical 

analysis was performed to test the significance of the models and their parameters. 

 If the models and their parameters for the lower part of the isotherm are statistically significant (at the 

95 % confidence levels), the 2-step isotherm models are fitted with the full-range data of each data set. The 

parameters of Langmuir or Freundlich terms of the lower part, which are obtained from step 1, are treated 

as constants. The statistical analysis is then performed to test the significance of the 2-step model and their 

parameters.  

 During the curve fitting for the 2-step model, if some of the parameters are not significant, they are 

dropped from the model: 

1) The 2nd term in the 2-step Langmuir model fitting is not significant (𝑏2  is not statistically 

significant) then it is dropped from the model. Similarly, for the 2-step Freundlich model, if the parameter 

does not pass the significance test, the 2nd Freundlich term is dropped from the model. 

2) If the Langmuir and Freundlich parts of the 2nd term are dropped, the only remaining logistic part 

is used for further data fitting. 

3) If both k and a in logistic terms are not statistically significant, then only the 1st term (traditional 

Langmuir and Freundlich isotherms) will be used to fit the whole range of data. 

In this way parsimonious models are obtained for specific cases, while the lower range of As 

concentration in solution (0 < 𝐶𝑒 < 50 ppm) is in focus, ensuring its emphasis and accuracy. 

 

The Fe and As densities and the maximum As adsorption capacity (qm) of sediment  

Many previous investigations that the presence of iron oxides, some part of As(V) is reduced to 

As(III), and then As(III) will form As-Fe complexes on the surface of iron oxide by soil DOM and sulfide. 

In forming the complexes, Fe(III) is reduced to Fe(II) due to electron transfer, or directly changes to Fe(II) 

after As(III) combines with the dissolved Fe(III) [10,47,48]. Fe-As-complexation is considered as the main 

mechanisms for immobilization of As in soils and sediments, which reduces hazards due to the 

contamination of As in water resources. 

Fe-As complex forming and interaction between the Fe-As complex in sediment and As in water 

involved many factors, particularly pH, temperature, particle sizes and surfaces [10]. Thus, a general 

prediction of As adsorption dynamics and the relationship at equilibrium was not available, and direct on-

site analyses were required. Table 1 summarizes the analytical results of the sediments sampled from 4 

stations along the creek bed. 

Table 1 and Figure 5 show that, the As adsorption capacity (𝑞𝑚) obtained from the batch experiments 

at pH 4 and pH 7 were almost identical. It was evident that within pH 4 - 7, pH did not significantly affect 

𝑞𝑚 of the sediments. It is well known that As adsorption by sediments is enhanced by forming a complex 

with Fe, Mn and Al. The results in our experiments show that high Fe density tends to be associated with 

high confirming the previous findings in different sediments. 

 

 

Table 1 The densities of Fe, As and the maximum As adsorption capacity (𝑞𝑚) of sediments at different 

locations along the creek. Background As concentration in the sediment in Ron Phibun district is 

approximately 30 mg/kg. 

Station 
Fe 

(mg/kg) 

As 

(mg/kg) 

qc 

(mg/kg) 

qm 

(mg/kg) 

pH 4 pH 7 pH 12 pH 4 pH 7 pH 12 

St1 Huay Huamhuang 719 258 1,216 1,312 50.0 1,753 1,830 1,107 

St2 Stadium 917 77 1,284 988 50.0 1,700 1,745 1,528 

St3 Huawmhuang-Ronna 924 69 646 804 79.9 2,609 2,539 741 

St4 Huay Nam Khun 2,371 106 762 857 243.3 2,601 2,521 922 

 

Note: 𝑞𝑚were obtained from the best-fit adsorption isotherms corresponding to specific sediments. 
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Figure 5 As, Fe densities and As adsorption capacity (𝑞𝑚) of sediments at 4 different locations along the 

creek. The distances between St 1 (Huay Huamhuang), St 2 (Stadium), St 3 (Huamhuang-Ronna) and St 4 

(Huay Namkhun) are 548, 639, 413 m, respectively. 

 

 At St 1 (Huay Huamhuang, which is the beginning of the old mine) which remains on the foot of the 

hill where experiments started, the As density is as high as 252 mg/kg, despite the fact that the sediment 

contains relatively low Fe content. This result indicates that the Fe density did not directly affect As density, 

but tended to correlate with the As adsorption capacity (𝑞𝑚) instead. 

At St 2 (Stadium), 548 m downward from St 1, As density dropped sharply to 69 mg/kg because of 

continuous As-adsorption as the As-contaminated water was passing through the sediments along the creek 

bed. In this vicinity, there were not any non-significant As released from the old mine where water 

previously passed into the stream because it is now a reserved area which is no longer used for mining.  

Similarly, as the water continued further to St 3 (639 m downward from St 2) the As density was 

slightly lower than St 2. Once more, the amount of dissolved As added to the stream was not significant 

although at St 3 there were a few small old mines which continued to further supply the dissolved As. 

However, the amount of the As-contaminated water was lower than the rate of As-adsorption occurring in 

the section of the creek. 

At St 4 the sediment had a high level of Fe density (2,371 mg/kg) but a moderate As content (106 

mg/kg), showing that, although the high Fe content tended to associate with 𝑞𝑚, it did not affect the As 

density. In other words, the As transfer between the water phase and the sediment phase is a dynamic 

phenomenon controlled by many factors including an Fe-As complex forming reaction, an interphase mass 

transfer, dispersion and the equilibrium relationship of the isotherms. 

Further downstream, at St 5 Huay Namchan, St 6 Muang Ngam and St 7 Teppanomchuad Temple, 

similar levels of Fe appeared (500 - 2,200 mg/kg) in the sediments, however the As levels were at the same 

level as the background concentration of As in the Ron Phibun area, indicating only mild contamination. 

Thus, if no As source exists in the area along the creek for more than 3 km to feed the As into the water 

stream, the sediments can provide a sufficient natural barrier to bar As contamination from entering the 

water stream, thus bringing the As concentration to a safe level for human and animals.  

 

Kinetics of batch As adsorption/adsorption: Effect of pH 

The kinetics of batch As-adsorption/desorption can be modeled as a 1st-order kinetics approximately, 

although sufficient data in the early adsorption processes are lacking because the adsorption process took 

place too quickly. It took less than 10 min for the adsorption process to reach a pseudo-equilibrium, thus 

detailed adsorption kinetics during the transient periods were not observed. However, a 1st-order 

assumption serves the purpose of the experiments adequately (to find the final equilibrium concentration 

for each condition). 

In general, sediments from all 4 stations behaved at equilibrium similarly, although the concentrations 

at equilibrium were localized to specific locations. pH slightly affected the isotherm in the pH range of 4 - 

7 where the sediments, exhibiting high adsorption capacity (1,500 - 2,900 mg As/kg). However, at pH 12 

adsorption shifted towards As dissolution into water, contaminating the water source up to very dangerous 

levels (> 10 ppm) while the As adsorption capacity of the sediments dropped sharply. This is because at 
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high pH levels, arsenic exists in its ionic form (As (OH)3), which is more soluble than its elemental or non-

ionic form (As). Therefore, higher pH levels result in higher solubility of arsenic, making it more likely to 

dissolve in water.  

When plotting the equilibrium data adsorption as shown in Figures 6 - 9, it appeared that the 

adsorption isotherms of the sediments from St 1 (Huay Haumhuang) and St 2 (Stadium) in the pH range of 

4 - 7 followed a 2-step trend. However, the adsorption isotherms of the sediments from St 3 (Huamhuang-

Ronna) and St 4 (Huay Namkhun) seemed to follow Type V pattern of IUPAC. At the lower ends of the 

isotherms, the sediments from St 3 and St 4 tended to have a stronger adsorption affinity such that the slope 

𝜕𝑞𝑒/𝜕𝐶𝑒  of the lower ends of the isotherms are very steep, and almost touch the 𝑞𝑒-axis as 𝐶𝑒 → 0. 

 

 

Figure 6 Adsorption isotherms of As in the water-sediment system at St 1 (Huay Huamhuang). The station 

is located at the mineral preparation area of the old abandoned mines. 

 

 

Figure 7 Adsorption isotherms of As in the water-sediment system at St 4 (Huay Namkhun). This station 

is located 413 m downward from St 3 (Huawmhuang-Ronna). The sediment in this area contained a high 

level of Fe mineral (2,371 mg Fe/kg) and moderate As content (105.7 mg As/kg). It is a reserved area 

without any recognizable old mine. 
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Figure 8 Adsorption isotherms of As in the water-sediment system at St 3 (Huamhuang-Ronna). This 

station is located 639.2 m downward from St 2 (Stadium). There are a few small/closed old mines around 

the station, although they were not heavily mined in comparison to St 1. 

 

 

Figure 9 Adsorption isotherms of As in the water-sediment system at St 4 (Huay Namkhun). This station 

is located 413 m downward from St 3 (Huawmhuang-Ronna). The sediment in this area contained a high 

level of Fe mineral (2,371 mg Fe/kg) and moderate Ae content (105.7 mg As/kg). It is a reserved area 

without any recognizable old mine. 

 

Adsorption isotherm of As in water-sediments: Effects of pH (4, 7 and 12) 

Following the method outlined in sections 3.4 and 3.5, parsimonious models were obtained for each 

location and pH as shown in Figures 5 - 8. The parameters are summarized in Tables 2 and 3. 

In all cases the 2nd terms of both the TSL and TSF models and parameter a in the Logistic were 

dropped because they were not statistically significant. Furthermore, except for sediments from St 1 and St 

2 at pH 4 - 7, the 1st terms of both the TSL and TSF models were also dropped and replaced by a constant 

(Logistic or Arctan models with a constant). 
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 pH as high as 12 is unusual in the As-contaminated water in the creek in the Ron Phibun area. 

However, if the pH is higher than 7, as the pH increases so does the solubility of As in water which needs 

to be avoided. 

All parameters of the 2-step models for 4 different sediments collected from different locations had 

similar adsorption characteristics, but highly pH dependent when the pH of contaminated water was much 

higher than 7. Firstly, for pH 4 - 7, if the As concentration in the sediment does not exceed the lower plateau 

(𝑞𝑐), they behave as strong adsorbents as indicated by very high 𝑏1 or m for LL and FL isotherms, 

respectively. Then, secondly, if the As concentration in the sediment exceeds that of the lower plateau but 

does not exceed the saturation point (𝑞𝑚), the sediments change gradually from strong to weak adsorbents 

as the As concentration in the solid increases. If the sediment approaches the maximum capacity (𝑞𝑚) and 

the As concentration in water is high enough (C ≫ 𝐶𝑒𝑐), the adsorption will cease. However, if As 

concentration in the water is in the neighborhood of 𝐶𝑒𝑐 or lower, As will be desorbed from the sediment 

and dissolve into the water. 

The effect of pH on adsorption capacity of As(V) and As(III) is complex, and was described by many 

authors [42,49,50,51]. Under acidic (pH and lt; 4) and basic (pH and gt; 7.5) conditions the capacity is low 

because of material dissolution (pH and lt; 4) and OH--Fe-complex competition (pH and gt; 7.5) for As(V) 

and As(III). 

Under acidic conditions (4 and lt; pH 7), there was excess H+ on the surface of adsorbents (soils or 

sediment containing Fe-complexes), which tended to fix of H2 AsO −4 and HAsO2 −4 by electrostatic 

force and complexation. When pH increased, the functional groups on the soils or sediment surface lost 

more proton, opposing the adsorption of oxygen-containing As anions [42,49]. The results in our current 

work agree well with most of the previous work, albeit some variation due to the specific nature of the soils 

and sediments in Ron Phibun region, Thailand. 

 

 

Table 2 Summary description of the 2-step Langmuir and Freundlich isotherms, parameters and 𝑅2 at St1 

(Huay Huawmheang) and St 2 (Stadium). 

Model Parameter 
Huay Huawmeang Stadium 

pH 4 pH 7 pH 12 pH 4 pH 7 pH 12 

Langmuir-Logistic 

Isotherm 

 

𝐶𝑒𝑐 (ppm) 

𝑏1(kg/mg) 

𝜅𝑙(ppm) 

𝑞𝑚(mg/kg) 

𝑞𝑐(mg/kg) 

Adjusted R2 

73.1 

0.103 

0.140 

1,753 

1,216 

0.985 

70.12 

0.087 

0.15 

1,830 

1,312 

0.976 

90.5 

- 

0.033 

1,107 

- 

0.968 

76.2 

0.092 

0.15 

1,700 

1,284 

0.985 

55.0 

0.135 

0.117 

1,745 

981 

0.982 

51.7 

- 

0.118 

1,528 

- 

0.944 

Freundlich-

Logistic Isotherm 

 

𝐶𝑒𝑐 (ppm) 

m 

𝜅𝑙 (ppm) 

𝑞𝑚 (mg/kg) 

𝑞𝑐 (mg/kg) 

Adjusted R2 

73.1 

5.52 

0.15 

993 

542 

0.964 

73.1 

2.72 

0.140 

267 

258 

0.971 

- 

73.1 

2.62 

0.140 

267 

252 

0.971 

39.8 

2.17 

0.15 

277 

181 

0.946 

- 

Langmuir-Arctan 

Isotherm 

 

𝐶𝑒𝑐 (ppm) 

𝑏1 (kg/mg) 

𝜅𝑙 (ppm) 

𝑞𝑚 (mg/kg) 

𝑞𝑐 (mg/kg) 

Adjusted R2 

68.4 

0.210 

0.281 

1,780 

1,164 

0.968 

70.6 

0.080 

0.15 

1,863 

1,324 

0.976 

94.0 

- 

0.037 

1,140 

- 

0.964 

75.5 

0.090 

0.15 

1,718 

1,260 

0.985 

68.1 

0.070 

0.15 

1,831 

1,416 

0.982 

52.9 

- 

0.117 

1,341 

- 

0.942 

Freundlich-Arctan 

Isotherm 

 

𝐶𝑒𝑐 (ppm) 

m 

𝜅𝑙 (ppm) 

𝑞𝑚 (mg/kg) 

𝑞𝑐  (mg/kg) 

Adjusted R2 

73.3 

5.67 

0.15 

1052 

538 

0.968 

- 

2.47 

- 

- 

236 

0.967 

- - - - 
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Model Parameter 
Huay Huawmeang Stadium 

pH 4 pH 7 pH 12 pH 4 pH 7 pH 12 

Langmuir 

(lower range) 

𝑏1 (kg/mg) 

𝑞𝑐 (mg/kg) 

Adjusted R2 

0.243 

1,111 

0.951 

0.0715 

1,452 

0.976 

- 

0.103 

1,216 

0.957 

0.135 

981 

0.992 

- 

Freundlich 

(lower range) 

m 

𝑞𝑐 (mg/kg) 

Adjusted R2 

3.74 

393 

0.943 

2.72 

258 

0.958 

0.899 

3.72 

0.968 

2.62 

252 

0.954 

2.17 

181 

0.978 

- 

 

 

Table 3 Summary of the 2-step Langmuir and 2-step Freundlich isotherms, parameters and the best-fit 

parameters (R2) at St 3 (Huawmhuang-Ronna) and St 4 (Huay Namkhun). 

Model Parameter 

Huawmhuang-Ronna Huay Namkhun 

pH 4 pH 7 pH 12 pH 4 pH 7 pH 12 

Logistic with const 𝐶𝑒𝑐  (ppm) 30.0 38.8 121 31.2 32.1 124 

 𝑏1  (kg/mg)       

 𝜅𝑙  (ppm) 0.087 0.146 0.076 0.095 0.144 0.052 

 𝑞𝑚  (mg/kg) 2,609 2,539 741 2,601 2,521 921 

 𝑞𝑐  (mg/kg 646 803 79.9 762 857 243 

 Adjusted R2 0.965 0.972 0.952 0.957 0.947 0.947 

Arctan with const 𝐶𝑒𝑐  (ppm) 29.8 38.7 122 30.6 31.7 126 

 𝑏1  (kg/mg)       

 𝜅𝑙  (ppm) 0.065 0.133 0.061 0.071 0.119 0.036 

 𝑞𝑚  (mg/kg) 2,786 2,638 800 2,759 2,615 1,015 

 𝑞𝑐  (mg/kg 438 681 32.0 557 715 168 

 Adjusted R2 0.959 0.973 0.952 0.951 0.937 0.948 

 

 

Conclusions 

 Two-step Langmuir/Freundlich models were established for the sorption isotherms of As 

contamination in the sediments at the old tin-mine areas in Ron Phibun district, Nakhon Si Thammarat 

province. However, heavy metal contamination in the natural environment is complex. Specific cases 

require corresponding sets of data and appropriate models to be used in studies. Furthermore, if quantitative 

description and prediction is the main objective, appropriate transport-phenomena models must be 

developed and used for the specific cases. For example, the isotherms reported in this work were developed 

for the sediment soils found in this area. It is expected to be applicable for similar environments although 

additional adsorption experiments should be carried out to re-calibrate the isotherm models. 
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